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Chromatin analysis in human early development
reveals epigenetic transition during ZGA
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Upon fertilization, drastic chromatin reorganization occurs during
preimplantation development!. However, the global chromatin
landscape and its molecular dynamics in this period remain largely
unexplored in humans. Here we investigate chromatin states in
human preimplantation development using an improved assay for
transposase-accessible chromatin with high-throughput sequencing
(ATAC-seq)?. We find widespread accessible chromatin regions
in early human embryos that overlap extensively with putative
cis-regulatory sequences and transposable elements. Integrative
analyses show both conservation and divergence in regulatory
circuitry between human and mouse early development, and
between human pluripotency in vivo and human embryonic stem
cells. In addition, we find widespread open chromatin regions before
zygotic genome activation (ZGA). The accessible chromatin loci are
readily found at CpG-rich promoters. Unexpectedly, many others
reside in distal regions that overlap with DNA hypomethylated
domains in human oocytes and are enriched for transcription
factor-binding sites. A large portion of these regions then become
inaccessible after ZGA in a transcription-dependent manner.
Notably, such extensive chromatin reorganization during ZGA is
conserved in mice and correlates with the reprogramming of the
non-canonical histone mark H3K4me3, which is uniquely linked
to genome silencing’~>. Taken together, these data not only reveal a
conserved principle that underlies the chromatin transition during
mammalian ZGA, but also help to advance our understanding of
epigenetic reprogramming during human early development and
in vitro fertilization.

We sought to investigate accessible chromatin in human preimplan-
tation embryos using ATAC-seq?. Our optimized ATAC-seq protocol
(miniATAC-seq; Methods) can acquire high-quality data using as
few as 20 cells (Extended Data Fig. 1a—c). We collected two-cell and
eight-cell human embryos, inner cell masses (ICMs) from embryonic
day 5 (E5) human blastocysts, and human embryonic stem (ES) cells
(Extended Data Fig. 2a). The isolated ICMs are post lineage segregation
and probably include epiblast and primitive endoderm cells (Extended
Data Fig. 2b). We also performed RNA sequencing (RNA-seq) analysis
for each stage and validated these data (Extended Data Fig. 2c, d).
We then conducted two replicates of ATAC-seq for each stage, and
an additional two replicates using triploid embryos (derived from
zygotes with three pronuclei, or 3PN), which are more available dur-
ing in vitro fertilization (IVF). All replicates showed highly consistent
results (Fig. 1a, Extended Data Fig. 3a, b and Supplementary Table 1).
We identified 22,977, 40,426, 44,907 and 46,172 ATAC-seq peaks for
the two-cell embryos, eight-cell embryos, ICMs and ES cells, respec-
tively, with comparable genome coverages to that for ES cell DNase
sequencing (DNase-seq; Extended Data Fig. 3c). ICM ATAC-seq peaks

have the highest overlap with ES cell DNase I hypersensitive sites, and
the overlap decreased in early-stage embryos (Extended Data Fig. 3d).
NANOG is induced at the eight-cell stage, which coincides with ATAC-
seq enrichment at promoters and nearby putative enhancers (Fig. 1b).
POUSF1 is slightly upregulated at the eight-cell stage and is highly
activated in the ICMs and ES cells (Fig. 1b). Notably, ATAC-seq peaks
near POUS5FI transit from intronic regions to promoter upstream loci
from eight-cell human embryos to ES cells, indicating a likely switch
of regulatory elements between naive and primed pluripotency, as
in the mouse®. Concordant gene expression and ATAC-seq was also
found for ZSCAN5B (Extended Data Fig. 3e). Genome-wide, as human
major ZGA starts between the four- and eight-cell stages’, we identified
stage-specifically expressed genes and examined their promoter
accessibility (Extended Data Fig. 4a). We found promoters with con-
stantly high accessibility that are preferentially CpG-rich as reported
previously®, whereas promoters with constantly low accessibility are
generally CpG-poor. Interestingly, a group of genes showed dynamic
promoter accessibility that correlates with gene expression. These genes
preferentially function in development, differentiation and morpho-
genesis, as also evidenced by their histone 3 Lys27 trimethylation
(H3K27me3) enrichment in ES cells and fibroblasts (Extended Data
Fig. 4b, ). Therefore, promoter accessibility in early human develop-
ment correlates with both gene activities and CpG densities (Extended
Data Fig. 4d).

Next, we sought to investigate distal open chromatin loci. Certain
repeats are highly active in mammalian preimplantation embryos®.
In contrast to ES cells and somatic cells, distal ATAC-seq peaks pref-
erentially enrich for repeats at the eight-cell stage, especially for Alu,
SINE and long-terminal repeat (LTR) retrotransposons (Extended Data
Fig. 5a). ERVK, SVA and ERV1 are enriched at both the eight-cell and
ICM stages. Both ERVK and SVA are expressed in human preimplan-
tation embryos’. Thus, accessible chromatin is extensively shaped by
transposable elements upon human ZGA. As distal accessible chromatin
frequently harbours transcription factor-binding sites, we attempted
to infer key factors that may regulate transcription circuitry in early
development. We first identified stage-specific distal ATAC-seq peaks
(Extended Data Fig. 5b). Eight-cell specific peaks are generally present
near genes involved in RNA localization and processing. By contrast,
distal peaks in ES cells, but not those in the ICM, are preferentially asso-
ciated with genes involved in SMAD/activin signalling and stem-cell
regulation. Notably, activin A is a core signalling module that maintains
primed ES cells but destabilizes naive pluripotency'. Interestingly, we
also observed widespread open chromatin in the pre-ZGA two-cell
embryos (Extended Data Fig. 5b). However, unlike in other stages, their
predicted targets (Methods) generally lack transcripts at the two-cell
stage. It is possible that pre-ZGA accessible elements bind transcription
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Fig. 1 | Accessible chromatin landscape in human preimplanation
embryos. a, The UCSC browser view showing ATAC-seq signals in
human early embryos (two biological replicates; rep 1 and rep 2). b, The
UCSC browser views and heat maps showing ATAC-seq enrichment
near representative genes and their expression levels detected by RNA-
seq. Open chromatin regions are shaded. FPKM, fragments per kilobase
of transcript per million mapped reads. ¢, Transcription factor motifs

factors, but do not serve as conventional enhancers to regulate nearby
genes (discussed later). Next, HOMER!! analysis unveiled highly
stage-specific transcription factor motifs in distal peaks (Fig. 1c). For
example, ‘maternal transcription factors’ (two-cell stage and onwards)
includes CTCF, KLF and OTX2. ‘Minor ZGA transcription factor’
(two-cell stage) includes DUX4, a key activator of early ZGA genes'?.
‘Major ZGA transcription factor’ (eight-cell and onwards) includes
GSC, PITX1, TFAP2C and GATA factors. ‘Pluripotency transcription
factors’ (ICMs and ES cells) contains SOX2 and POUS5F1. Notably,
although conventional ES cells are typically derived from ICMs, they
are generally in a primed pluripotent state'®. However, ES cells could
also be maintained in a naive state that corresponds to an earlier
developmental stage'’. Therefore, we performed ATAC-seq for naive
human ES cells'*!* (Methods). Interestingly, both KLF and TFAP2C
are strongly enriched in ICMs and naive ES cells but not primed ES
cells (Fig. 1c). KLF factors are known to have crucial roles in naive
pluripotency’®'>. TFAP2C is a key germline transcription factor and
also a regulator for trophectoderm in mice'®. Interestingly, TFAP2C
is highly expressed in all lineages in human blastocysts (Extended
Data Fig. 5¢), suggesting human-specific functions. Finally, putative
enhancer usages near POU5FI in naive ES cells are also more similar
to the ICM than primed ES cells (Extended Data Fig. 5d). Notably,
both naive and primed ES cells differ from the ICM as they lack the
GATA factors that regulate the primitive endoderm lineage!”. These
data indicate that the regulatory network of naive human ES cells is
indeed more similar to that of ICMs.

We then compared human and mouse transcriptional programs
using previous results or ATAC-seq datasets from mouse early
embryos!'8, mouse ES cells (naive)!® and mouse epiblast stem cells
(EpiSCs; primed)". CTCE KLE, SOX2, POU5F1, GATA and TEAD are
all well conserved between human and mouse (Fig. 1d). We also found
species-specific transcription factors for preimplantation development
including GSC, OTX2 and PITX1 (human) and ESRRB, NR5A2 and
RARG (mouse)'8 (Fig. 1d). Notably, GSC (mesendoderm), OTX2 (neu-
ronal lineage) and PITX1 (limb development) are all lineage regulators.
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identified from distal ATAC-seq peaks at each stage in human embryos
(two-cell, eight-cell and ICM) and human ES cells (primed, naive 1'* and
naive 2'%). d, Schematic representation of putative regulatory transcription
factors in early development for those shared by human and mouse

as well as those specific to each species. Only enriched and expressed
transcription factors are shown.

KLF motifs are again enriched in ICMs and mouse ES cells but not in
mouse EpiSCs. Hence, human and mouse have both conserved and
divergent regulatory circuitry for early development.

We also observed widespread open chromatin at the two-cell stage
(Fig. 1a). To determine whether this may be associated with minor
ZGA’, we identified genes (n=1,018) with increased transcript levels
at the two-cell stage compared to metaphase II (MII) oocytes.
Unexpectedly, most of these transcripts are also present in germinal
vesicle oocytes in our study and also in MII oocyte using a total RNA-
seq dataset®® (Fig. 2a, left and 2b). Importantly, the eight-cell-specific
genes, but not the two-cell-specific genes, are sensitive to the tran-
scription inhibitor a-amanitin (Extended Data Fig. 6a and Methods).
Consistently, two-cell-specific genes on average only show basal levels
of promoter ATAC-seq enrichment (Extended Data Fig. 6b). Shortening
poly(A) tails in oocytes is thought to prevent maternal mRNA trans-
lation without triggering destabilization?!. Thus, post-transcription
regulation, such as deadenylation in oocytes and polyadenylation in
early embryos, may account for a large portion of the differences between
mRNA-seq data (this study and earlier studies?*?*) and total RNA-
seq?’. After excluding maternal genes (expressed in germinal vesicle
or MII oocytes), we were able to identify 75 potential minor ZGA
genes activated at the two-to-four-cell stages (Extended Data Fig. 6¢),
and this is far fewer than the number of accessible ATAC-seq peaks
we detected. However, it is worth noting that we cannot rule out the
possibilities that low-input RNA-seq did not fully capture pre-ZGA
transcriptional activities. We then asked whether two-cell accessible
chromatin may poise genes for activation. Indeed, among all two-cell
accessible promoters (maternal genes excluded) (n=1,891), 86% are
shared by the eight-cell embryos (Fig. 2c). These promoters are prefer-
entially CpG-rich and transcribed at the eight-cell stage (Fig. 2a, right,
and Fig. 2c). Conversely, eight-cell ZGA genes preferentially have
accessible promoters at the two-cell stage (44% versus 29% for random
genes). Notably, this is not observed for two-cell-specific open promoters
(Fig. 2c and Extended Data Fig. 6d). An expanded analysis revealed
that these promoters tend to reside in DNA hypomethylated regions in
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Fig. 2 | Transcription and promoter regulation in human early
development. a, The UCSC browser view for genes showing transcripts
but without accessible promoters (left), or vice versa (right) at the two-
cell stage in humans. Total RNA-seq data were previously published?’.

b, Heat maps showing the expression levels (nRNA-seq) of differentially
expressed genes between MII oocytes and two-cell embryos (left). Their
expression level in oocyte and early embryos detected by total RNA-seq®
are also shown (right). Cleavage stage denotes pooled two-to-eight-cell

oocytes and blastocyst (despite its global hypomethylation)®* (Extended
Data Fig. 6¢) (discussed later). Finally, by performing ATAC-seq on
3PN one-cell and four-cell embryos, we found that accessible chromatin
at both the one- and four-cell stages highly resembles that of the
two-cell stage (Fig. 2c and Extended Data Fig. 7a—c). Hence, pre-ZGA
accessible chromatin is established in zygote and transits to a post-
ZGA state at the eight-cell stage. In summary, these results suggest
that some, but not all, pre-ZGA accessible promoters may poise genes
for activation.

Interestingly, two-cell embryos have abundant distal ATAC-seq
peaks (n=14,770) with low CpG densities (Fig. 3a and Extended Data
Fig. 8a), raising the question of whether they reflect the binding of tran-
scription factors before ZGA”. In total 32% of them are shared by the
eight-cell embryos and they are indeed enriched for motifs of maternal
transcription factors such as CTCFE, KLF and OTX2 (Extended Data
Fig. 8b). The rest only occur at the two-cell stage and seem unlikely
to poise chromatin for local gene activation (Extended Data Figs. 5b
and 8b). These loci still enrich for enhancer marks (H3K4mel and
H3K27ac) in human ES cells and transcription factor-binding sites®>,
albeit at lower levels (Fig. 3a,b and Extended Data Fig. 8c). These peaks
tend to reside in DNA hypomethylated regions in human oocyte and
blastocyst?* (Fig. 3a, c). Similar patterns are found for the one- and
four-cell stages, but are not for ATAC-seq peaks that are specific for
other stages or methylomes of sperm or human ES cells. In human
oocytes, untranscribed regions are poorly methylated®*, forming par-
tially methylated domains (PMDs). We found that 73% of two-cell
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embryos. ¢, Heat maps showing ATAC-seq enrichment around accessible
promoters identified at both the two- and eight-cell stages (n =1,444),
only at the two-cell stage (n=2375) or only at the eight-cell stage (n =82)
(left). Gene expression levels and promoter CpG density (number of
CpGs per base pair) are also shown (right). Maternal genes (FPKM > 1
in either MII or germinal vesicle (GV) oocytes) were excluded to avoid
confounding effects. TSS, transcription start site.

peaks are present in human oocyte PMDs (Extended Data Fig. 8d).
Next, we asked whether the switch of chromatin accessibility during
ZGA depends on transcription. We treated 3PN human zygotes with
a-amanitin (with derived embryos term as transcription-blocked
embryos, or TBEs). Both TBEs and controls developed normally to
eight-cell embryos, which were collected at the late eight-cell stage for
ATAC-seq analyses. We found that ATAC-seq enrichment in TBEs
is highly similar to pre-ZGA embryos but is distinct from post-ZGA
embryos (Fig. 3a, d). Distal open chromatin of TBEs, but not controls,
is strongly enriched in oocyte PMDs (Extended Data Fig. 8e, f). Thus,
the transition of accessible chromatin landscapes during human ZGA
is transcription dependent.

We and others previously showed that in the mouse, oocyte PMDs
are uniquely marked by non-canonical forms of histone modifica-
tions H3K4me3 and H3K27me3 (but preferentially in non-overlapping
sub-regions)>*26, Depletion of H3K4me3 results in silencing defects
in mature oocytes*®. Non-canonical H3K4me3 (ncH3K4me3) is
further inherited to mouse early embryos after fertilization, before
being rapidly erased after ZGA possibly by the activated demeth-
ylases KDM5A and KDM5B®%. After ZGA, human KDM5B is
similarly induced (Extended Data Fig. 9a) and H3K4me3 is decreased
based on immunofluorescence analysis4’27. Therefore, we asked
whether pre-ZGA accessible chromatin may be associated with histone
modifications such as ncH3K4me3. As it is challenging to perform
chromatin immunoprecipitation followed by sequencing (ChIP-seq)
in human embryos, we compared histone modifications in the mouse
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Fig. 3 | Distal accessible chromatin in human early development. a, The
UCSC browser view showing DNA methylation levels (methylcytosine,

or mC) in human sperm, oocyte?, blastocyst**, ATAC-seq enrichment

in human early embryos, TBEs and ES cells, and H3K4mel in human

ES cells (ENCODRE). Ctrl, control. b, The enrichment of ENCODE
transcription factor-binding site (TFBS) density around two-cell-specific
or two-to-eight-cell shared distal peaks. A random set of peaks that match
the lengths of individual two-cell-specific peaks was used as a control.
The upstream and downstream regions are 3 x peak lengths away from a
peak boundary. ¢, Heat maps showing the oocyte, blastocyst, sperm and
ES cell (ENCODE) DNA methylation levels around stage-specific distal
ATAC-seq peaks (zygote n =889, two-cell n =622, four-cell n =930,
eight-cell n= 3,382, ICM n= 1,777, ES cell n=3,482). The upstream and
downstream regions are 2 x peak lengths away from a peak boundary.

d, Hierarchical clustering results of whole-genome accessible chromatin
states for human early embryos and TBEs.

zygote® to chromatin accessibility detected by DNase-seq in isolated
mouse pronuclei?®. Notably, distal open chromatin in maternal pronu-
clei, but not paternal pronuclei, strongly overlaps with oocyte PMDs
and maternal ncH3K4me3 in mouse zygotes (Fig. 4a and Extended
Data Fig. 9b). Both open chromatin and ncH3K4me3 are absent from
PMDs after ZGA. Similar correlation could be extended to the paternal
allele. We found the paternal H3K4me3, which is re-established
after fertilization and briefly exists before ZGA?, also co-localizes
with paternal open chromatin (Extended Data Fig. 9¢, d). Finally,
we found that in full-grown oocytes, DNase-seq peaks also preferen-
tially reside in oocyte PMDs and overlap with ncH3K4me3 (Fig. 4a).
Thus, these data demonstrate a surprising correlation between non-
canonical H3K4me3 and open chromatin in mouse mature oocytes and
pre-ZGA embryos.

To determine whether the accessible chromatin transition during
mouse ZGA is also transcription-dependent, we treated pronu-
clear stage 3 (PN3) zygotes with a-amanitin, which arrested mouse
embryos at the late two-cell stage. We collected TBEs for ATAC-seq
analyses when the control group developed to a later stage (eight-cells,
after 45h). On the basis of single nucleotide polymorphisms (SNPs)
between the parental strains, we found the ATAC-seq enrichment in
TBEs is similar to that of zygote DNase-seq in an allele-specific manner
(Extended Data Fig. 10a—c). Distal open chromatin of TBEs on the
maternal allele persisted in oocyte PMDs in which ncH3K4me3 is also
retained after inhibition of transcription® (Fig. 4a). The correlation
between accessible chromatin and H3K4me3 again extends to the pater-
nal genome in TBEs (Extended Data Fig. 10a, d). Thus, the transition of
both accessible chromatin and H3K4me3 during mouse ZGA depends
on transcription. Interestingly, despite allele-specific accessibility, we

N AT UR E | www.nature.com/nature

a 4B __oocyte ==zygote == 2-cell e Gitrl e TBE

Open chromatin H3K4me3 H3K27me3 ATAC-seq  H3K4me3

1T 1T s T T T T &1
S
2
©
=
©
IS
©
o —— — — —
PMD PMD PMD PMD
—0.1 w— ()1
Normalized RPKM
b Human Mouse
8 Zygote to 4-cell/TBE Zygote/TBE
N
£ e
TSS PMD TSS PMD
< l ZGA 1 ZGA
(ND 8-cell/ICM 2-cell/ICM
b
3 =7 —
o TSS PMD Enhancer TSS PMD Enhancer
I DNA methylation @~ Maternal or ZGA TF binding site Bl H3K4me3
Open chromatin  £?= 3 Unknown histone modification state H3K27me3

Fig. 4 | Conservation of chromatin transition during ZGA in mouse and
human. a, Heat maps showing allelic open chromatin (DNase-seq (oocyte
and zygote)?® or ATAC-seq (other samples)), H3K4me3?® and H3K27me3%
enrichment around the oocyte PMDs (n = 24,241) in mouse oocyte,
zygote, 2-cell embryo, TBE and its control. The upstream and downstream
regions are 1 X PMD length away from the PMD boundary. b, A model
shows the transcription and chromatin states before and after ZGA in
human and mouse. In pre-ZGA embryos or TBEs, accessible chromatin
occurs at CpG-rich promoters and distal regions preferentially in oocyte
PMDs. After ZGA, although high-CpG accessible promoters remain

open, a large fraction of pre-ZGA distal accessible regions are lost. Newly
established accessible chromatin mainly occurs at putative regulatory
elements such as enhancers. In mouse, dynamics of distal accessible
chromatin also correlates with H3K4me3 in an allele-specific manner

(not shown) before and after ZGA. Histone modification states in human
are unknown.

identified very similar motifs in distal accessible chromatin on both
alleles in zygotes and TBEs, mainly for maternal factors (CTCF and
KLFs, such as KLF7, KLF11 and KLF17) (Extended Data Fig. 10e). As
a control, transcription factors activated after ZGA (RARG, NR5A2,
ESRRB, TEAD4 and GATA)'® are not enriched, suggesting that similar
maternal transcription factors interact with allele-specific chromatin
landscapes before ZGA.

Using highly sensitive ATAC-seq, our data revealed both conserved
and species-specific transcriptional regulatory networks in human and
mouse early embryos. An unusual pre-ZGA chromatin state exists in
both human and mouse, featured by extensive accessible chromatin
despite the lack of transcription (Fig. 4b). Although accessible promoters
preferentially enrich for CpGs, distal accessible chromatin strongly
overlaps with oocyte PMDs and, in the case of mouse, ncH3K4me3.
Transcription is crucial for the transition of H3K4me3 and chromatin
accessibility upon ZGA. One critical question is whether pre-ZGA epig-
enomes in turn regulate transcription or the genome silencing. The
accessible regions shared between pre- and post-ZGA stages may have
arole in poised activation. By contrast, repressive marks can prevent
faulty transcription during drastic epigenetic reprogramming. For
instance, oocyte-deposited H3K27me3 is suggested to restrict enhancer
function in fly early embryos?® and regulate X-chromosome inacti-
vation and allelic expression in mouse embryos?*0. Interestingly,
maternal H3K4me3 also facilitates genome silencing in oocytes®=. It
is possible that ncH3K4me3 may work as sponges to facilitate docking
or sequestering transcription resources when the genome is silenced.
Alternatively, accessible chromatin may be created by unknown factors
as ‘chromatin harbours’ that allow the deposition of ncH3K4me3 and
docking of transcription factors. Future studies are warranted to test
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these possibilities. Taken together, our study not only presents a global
view for dynamic chromatin landscape in human embryos, but also
revealed epigenomic transition during ZGA that are likely to be con-
served between human and mouse.
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Any Methods, including any statements of data availability and Nature Research
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METHODS

No statistical methods were used to predetermine sample size, and investigators
were not blinded to allocation during experiments and outcome assessment.
Ethics statement. This study was approved by the Institutional Review Board (IRB)
of The First Affiliated Hospital of Zhengzhou University (2015KY-NO.31) and
Tsinghua University (20170009), China. In accordance with the measures of the
People’s Republic of China on the administration of Human Assisted Reproductive
Technology, the ethical principles of the Human Assisted Reproductive Technology
and the Human Sperm Bank as well as the Helsinki declaration. The research
followed the guiding principles of the Human Embryonic Stem Cell Ethics
issued by the MOST and MOH and was regularly reviewed by the Medical Ethics
Committee of The First Affiliated Hospital of Zhengzhou University. All gametes
and embryos were collected voluntarily after obtaining written informed consent
signed by donor couples at the Center for Reproductive Medicine in The First
Affiliated Hospital of Zhengzhou University. Oocytes were obtained from the
female tubal factors of infertility volunteers who have already had one or two
healthy children from natural pregnancy or IVE. The eight-cell and blastocyst
stages embryos were donated by couples who already had a healthy baby through
IVE with written informed consents. In the process, couples were informed that
their gametes and embryos would be used to study the chromatin state and its
regulation during human embryo development, and that their donation would
not affect their IVF cycle.

Human gamete and early embryo collection. All gametes and embryos were
collected from volunteers who were between 25 and 30 years old, with normal
chromosome karyotypes and no family heredity case history, contagion case
and smoke history. Healthy sperm were cryopreserved in liquid nitrogen using
cryoprotectants. SpermGrad (Vitrolife) was used for gradient sperm separation.
For oocytes, the controlled ovarian stimulation were carried out using GnRH
analogues combined with human menopausal gonadotrophins or recombinant
follicle stimulating hormone (FSH) for pituitary desensitization. Transvaginal
ultrasound-guided oocyte collection was scheduled 36 h after hCG administration.
Intra cytoplasmic sperm injection (ICSI) was used in this investigation rather than
classical IVF to prevent contamination of sperm and cumulus cells. Fertilization
was assessed 17-20h after ICSI and embryo cleavage was recorded every 24 h.
Two-cell stages embryos were frozen for storage and sample pooling, before being
thawed and subjected to ATAC-seq and RNA-seq. All two-cell and eight-cell
embryos and blastocysts used in this research have normal development rates and
morphology. The zona pellucida of all embryos used in this study was mechanically
removed to avoid blocking the reaction of Tn5 and the potential contamination of
cumulus cells. The ICMs of day 5 blastocysts were isolated mechanically according
to a method previously reported’!. In brief, the biopsy pipette was inserted into
the blastocoel, and the ICM cells were sucked in and gently pulled out with laser
assistance. Numbers of embryos used for this study (2PN) are: two-cell rep1: 15;
two-cell rep2: 17; eight-cell rep1: 8; eight-cell rep2: 10; ICM rep1: 3; ICM rep2: 3.
For the 3PN embryos, the 3PN zygotes were identified after ICSI or IVE, which
were collected at the one-cell stage or further cultured to the two-, four- or eight-
cell stage and blastocyst using G-1 (Vitrolife) human embryos culture medium.
G-2 (Vitrolife) medium was used from the eight-cell to blastocyst stage as normal
2PN embryos. Only the high-quality 3PN embryos and blastocysts without devel-
opment arrest were collected.

Treatment of human embryos with oi-amanitin. The 3PN zygotes were identified
and collected after IVF or ICSI. About 50 3PN zygotes were thawed and transferred
to G1 media in the presence or absence of a-amanitin (25 ngpl ™, Sigma-Aldrich).
After the control and a-amanitin-treated embryos reaching the eight-cell stage,
high-quality embryos were collected and those with fragments or arrested at other
stages were discarded. The zona pellucida was gently removed by laser. The cells
were then washed three times with PBS to avoid any potential contamination then
further subjected to ATAC-seq library preparation.

Mouse embryo collection. All animal experiments were approved by Institutional
Animal Care and Use Committee (IACUC) of Tsinghua University, Beijing, China.
Pre-implantation embryos were collected from 5-6-week-old C57BL/6N females
(Vital River) mated with PWK/PhJ] males (Jackson Laboratory). The embryo
collection was performed as described previously'®. To inhibit transcription in
early embryos, PN3 zygotes were cultured in CZB supplemented in the absence or
presence of a-amanitin (125 pgml~?) for about 45 h. The resulting embryos were
subjected to ATAC-seq analyses.

Cell culture of human ES cells. For primed human ES cell culturing, ES cells
(H1) were maintained on Matrigel (BD Biosciences)-coated plates (Corning) in
E8 medium (STEMCELL Technologies) in a feeder-free and serum-free manner.
Naive-state human ES cells were generated as described previously with some
modifications'>'. In brief, for t2iL/G6-human ES cell derivation'4, the H7 human
ES cells were seeded on matrigel (BD Biosciences) coated plate 48 h before virus
infection. Subsequently, cell culture medium was changed to fresh human ES cell
culture medium supplemented with 3 virus concentrates containing FUW-human

NANOG, FUW-human KLF2 and FUW-M2rtTA in the presence of 8 ug ml™!
polybrene for 24 h. Two days later the human ES cells were passaged using Accutase
(Thermo Fisher) and seeded on mouse embryonic fibroblast (MEF) feeder layers
in human ES cell culture medium with 10 uM Y27632. After 24 h, medium was
changed to t2iL/G6 medium for further culture. After 7-14 days of culture, colonies
with naive mouse ES cell-like morphology appeared and were picked to derive
the t2iL/G6-human ES cells with t2iL/G6 medium. Note that the t2iL/G6-human
ES cell proliferation rate at the initiation stage of the conversion was very low,
and initial passage of t2iL/G6-human ES cells were pursued every 6-7 days using
Accutase. The 5iL/A-human ES cell derivation'® was similar to the t2iL/G8-human
ES cell derivation, but after virus transfection, the transfected ES cells were directly
cultured in 5iL/A medium supplemented with 0.5% KOSR, 8 ng ml~! FGF2 and
2ug ml~! DOX. After 2 weeks of culture, colonies with naive mouse ES cell-like
morphology could be isolated and expanded in 5iL/A medium without KOSR,
FGF2 and DOX. All cell culture was performed under conditions of 5% oxygen
at37°C.

The conventional H7 human ES cells were cultured on mitomycin C-inactivated
MEF feeder layers in human ES cell culture medium containing 20% knockout
serum replacement (KOSR) (Thermo Fisher), 78% DMEM/F12 medium (Thermo
Fisher), 1% NEAA (Thermo Fisher), 2mM GlutaMax (Thermo Fisher), 0.1 mM
B-mercaptoethanol (Thermo Fisher), and 8 ng ml™! FGF2 (R&D). The t2iL/Gd
medium contains DMEM/DF12 and Neurobasal medium mixed at 1:1 ratio,
0.5 x N2 supplement, 0.5 x B27 supplement, 2mM GlutaMax, 1% NEAA, 0.1 mM
B-mercaptoethanol, 50 g ml~! BSA, 10pg ml~! insulin, 1 pM PD0325901, 1uM
CHIR99021, 50 pg ml ™! L-ascorbic acid (Sigma-Aldrich), 10ng ml~' human
LIF, 2.5 M G66983 (Sigma-Aldrich) and 10 pM Y27632 (Selleck). The 5iL/A
medium contains DMEM/DF12 and Neurobasal medium mixed at 1:1 ratio,
0.5 x N2 supplement, 0.5 x B27 supplement, ] mM GlutaMax, 1% NEAA, 0.1 mM
B-mercaptoethanol, 50 ug ml~! BSA, 1uM PD0325901, 20 ng ml~! human LIE,
1pM IM-12 (Enzo), 0.5 .M SB590885 (R&D), 1 uM WH-4-023 (A Chemtek),
10uM Y27632 and 20 ng ml ™" activin A (Peprotech).

Plasmid cloning and viral preparation. For construction of lentiviral vectors
containing the human NANOG and KLF2 genes, the human NANOG and KLF2
coding sequences were cloned from human ES and fibroblast cell cDNA libraries,
and inserted after the TetO/CMV promoter of the FUW lentivirus vector for DOX-
inducible expression, respectively. Lentiviral particles containing FUW-human
NANOG, FUW-human KLF2 and FUW-M2rtTA (Addgene ID: 20342) were pack-
aged in 293FT cells with a VSVG coat. Viral supernatants were collected at 48 h
after transfection, and then were filtered using a 0.45-pm filter and concentrated
by high-speed centrifugation.

miniATAC-seq library generation and sequencing. The miniATAC-seq librar-
ies were prepared as previously described with further modifications primarily
for DNA purification?'. In brief, samples were transferred into 6l lysis buffer
(10 mM Tris-HCI (pH 7.4), 10 mM NaCl, 3mM MgCl, and 0.5% NP-40) for 10 min
on ice. After lysis, 4pl ddH,O, 4pul 5 X TTBL, 5ul TTE mix V5 (TD502, Vazyme)
were added to the sample, which was mixed and incubated at 37 °C for 30 min.
The reaction was terminated by incubating with 5l 5 x TS stop buffer (TD502,
Vazyme) at the room temperature for 5min, before 2 pl carrier RNA (20 ngpl ™
after 50 x dilution) (EpiTect Fast DNA Bisulphite Kit 59824) and 103 ul Tris-EDTA
(TE) buffer was added to the sample. The sample was then transferred to a 1.5-ml
tube. After adding 130 pl phenol-chloroform (vortexed and incubated at room
temperature for 3 min), the sample was transferred to a phase-lock tube (WM5-
2302820 TIANGEN). After spinning at maximum speed for 15 min, the superna-
tant was transferred to a new 1.5-ml tube, and 650 ul ethanol, 24 ul sodium acetate
(3M) and 2 pl glycogen were added for DNA precipitation at —20 °C overnight.
The next day, DNA pellet was spun down at maximum speed for 15min at 4°C,
washed with 75% ethanol, air dried, and resuspended in 29 pl H,O. The phenol-
chloroform purification with carrier RNA improves the efficiency for both DNA
purification and removal of residual Tn5 transposase, which may otherwise inter-
fere with subsequent reactions. DNA was transferred to a 0.2-ml PCR tube, and
5pl N5XX primer, 5l N7XX primer (TD202, Vazyme), 10l 5 < TAB and 1pl TAE
(TD502, Vazyme) were added. PCR was performed to amplify the library for 18
cycles for about 30 embryos or ES cells using the following PCR conditions: 72°C
for 3 min; 98°C for 30s; and thermocycling at 98 °C for 155, 60 °C for 30s and 72°C
for 3 min; following by 72 °C 5min. After the PCR reaction, libraries were purified
with the 1.5 x AMPure (Beckman) beads and were subjected to next-generation
sequencing.

RNA-seq library generation and sequencing. The Smart-seq2 libraries of
human oocytes and early embryos were prepared using SMART-Seq v4 Ultra
Low Input RNA Kit for Sequencing (Clontech, 634888) also as previously
described??. Oocytes and early embryos from the same batch were divided into
two parts, with 95% cells used for ATAC-seq and the rest for RNA-seq. Oocytes
and early embryos (two-cell, four-cell and eight-cell stage, and ICMs) were
lysed in lysis buffer containing RNase inhibitor according to the user manual.
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The library was quantified using Qubit and Agilent 2100 before being subjected
to sequencing.
ATAC-seq data processing. The single-end ATAC-seq reads were aligned to
mm?9 or hgl9 reference genome with random chromosome cleaned by Bowtie
(version 2.2.2)* under the parameters -t -q -N 1 -L 25. The paired-end ATAC-seq
reads were aligned with the parameters: -t -q -N 1 -L 25 -X 2000 —no-mixed -no-
discordant. All unmapped reads, non-uniquely mapped reads and PCR duplicates
were removed. For downstream analysis, we normalized the read counts by com-
puting the numbers of reads per kilobase of bin per million of reads sequenced
(RPKM). RPKM values were averaged for each bin between replicates. To minimize
the batch and cell type variation, the RPKM values were further normalized by
Z-score transformation. To visualize the ATAC-seq signal in the UCSC genome
browser, we extended each read by 250 base pairs (bp) and counted the cover-
age for each base. The correlation between ATAC-seq replicates was calculated
as following: each read was extended 250 bp from the mapped end position and
the RPKM value was generated on a 100 bp-window base. The ATAC-seq enrich-
ment was then summed within each 2-kb window for the entire genome and was
compared between replicates. Pearson correlation was calculated and was shown.
Allele assignment of sequencing reads for mouse TBE embryos was conducted
as described previously'®. In brief, to assign each read to its parental origins, we
examined all SNPs in the read that showed high-quality base calling (Phred score
> 30). For paired-end reads, SNP information from both reads in the pair was
summed and used. When multiple SNPs were present in a read (or a read pair), the
parental origin was determined by votes from all SNPs and the read was assigned
to the allele that had at least two thirds of the total votes.
Gene expression data processing. All RNA-seq data were mapped to hg19 genome
by Tophat (version 2.4.0)*%. The gene expression level was calculated by Cufflinks
(version 2.2.1)* based on the hg19 refFlat annotation database from the UCSC
genome browser. The Spearman correlation coefficients between RNA-seq repli-
cates were calculated. For published total RNA-seq data®, the expression values
were quantile normalized together with the mRNA-seq data in this study to allow
further comparison. For naive human ES cell gene expression microarray data®3,
the expression values were downloaded and averaged for each gene. The averaged
values were quantile normalized together with the FPKM value in this study to
allow further comparison.
DNase-seq, ChIP-seq and DNA methylation data processing. Downloaded
DNase-seq and ChIP-seq data were mapped to mm9 genome by Bowtie with
similar parameters as ATAC-seq data. All unmapped reads, non-uniquely mapped
reads and PCR duplicates were removed. For downstream analysis, we calculated
the read counts by computing RPKM on genome 100-bp bin. Downloaded DNA
methylation data were mapped to mm9 or hg19 genome by BSMAP?¢ with param-
eters: -r 0 -p 16 -w 100 -v 0.1. PCR duplicates were removed. For each CpG site, the
methylation level is calculated as the total methylated counts (combining Watson
and Crick strands) divided by the total counts across all reads covering this CpG.
Identification of stage-specific genes. The minor ZGA genes activated at the
two-to-four-cell stages were identified by selecting those expressed at the two-cell
stage (FPKM > 5) but not expressed or expressed at low levels in MII and germinal
vesicle oocytes (FPKM < 5) in both mRNA-seq and total RNA-seq, with a minimal
twofold gene expression change between the two- or four-cell and oocyte stages.
For stage-specific genes in eight-cell embryos, ICMs and human ES cells, a
Shannon entropy-based method was used to identify stage-specific genes, as pre-
viously described®”. Owing to the possible confounding effects from maternally
inherited RNA transcripts, ZGA-only genes were analysed, which were defined
as those not expressed in MII or germinal vesicle oocytes (FPKM < 1). Genes
with entropy scores of less than 2 were selected as candidates for stage-specific
genes. Among these genes, we selected candidates of stage-specific genes for each
stage based on the following criteria: the gene is highly expressed at this stage
(FPKM > 10), and such high expression cannot be observed in other stages. These
genes were then reported in the final stage-specific gene lists.
Identification of ATAC-seq peaks and their genome coverages. All the ATAC-
seq peaks were called by MACS v1.4* with the parameters-nolambda ~nomodel.
ATAC-seq peaks that are at least 2.5 kb away from annotated promoters from ref-
Flat were selected as distal ATAC-seq peaks. The genome coverages of peaks from
different samples were calculated by genomeCoverageBed* using hg19 reference
genome.
The comparison between ATAC-seq peaks and known cis-regulatory elements.
To compare the ATAC-seq peaks identified in early embryos with the annotated
cis-regulatory elements, we calculated the overlap between the ATAC-seq peaks
of different stages and annotated promoters (TSS £ 0.5kb). Distal peaks were then
compared to distal DNase I hypersensitive sites in ES cells. Random peaks were
generated by selecting random regions in the genome with the sizes matching each
individual ATAC-seq peak.
The comparison between ATAC-seq peaks and repetitive elements. To iden-
tify the overlap between repetitive elements and promoter or distal ATAC-seq
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peaks, the ATAC-seq peaks were compared with the locations of annotated repeats
(RepeatMasker) downloaded from the UCSC genome browser by intersectBed®
with default parameters. As repeats of different classes vary greatly in numbers,
arandom set of peaks with identical lengths of ATAC-seq peaks was used for
the same analysis as a control. The numbers of observed peaks that overlap with
repeats were compared to the numbers of random peaks that overlap with repeats,
and a log ratio value (log,) was generated as the ‘observed/expected’ enrichment.
Identification of stage-specific distal ATAC-seq peaks. The two-cell-specific
distal ATAC-seq peaks were identified as those with high levels of ATAC-seq
enrichment at the two-cell stage (normalized RPKM > 1) but not at the eight-cell
stage (normalized RPKM < 0). Those with normalized RPKM > 1 at both stages
were identified as shared distal peaks between the two- and eight-cell stages.

To identify stage-specific distal ATAC-seq peaks, the distal ATAC-seq peaks
from human embryos of all stages and ES cells were combined, with overlapped
peaks merged. The average RPKM values were calculated for these distal ATAC-seq
peaks which were further normalized by the Z-score normalization. A Shannon
entropy-based method>” was used to identify stage-specific distal ATAC-seq peaks.
We selected those with entropy less than 2 as candidates for stage-specific distal
ATAC-seq peaks. The stage-specific distal ATAC-seq peaks were further defined
based on the following criteria: the distal ATAC-seq peak has high enrichment
at this stage (normalized RPKM > 1), and positive enrichment (normalized
RPKM > 0) at no more than two additional stages. The resulting distal ATAC
peaks were then reported in the final stage-specific distal ATAC-seq peak list.
The functional enrichment for genes that are near stage specific distal ATAC-seq
peaks was analysed using the GREAT tool*’ by default settings.

Prediction of promoter targets of putative enhancers in distal ATAC-seq peaks.
To identify the potential targeted genes for stage specific enhancer (distal peaks),
we computed the averaged ATAC-seq enrichment (normalized RPKM) for all distal
ATAC-seq peaks and annotated promoters (TSS £ 0.5kb). Among genes assigned
to enhancers by GREAT analysis based on distances, we further calculated the
correlation between the ATAC-seq enrichment at distal ATAC peaks and these
promoters across human embryos and ES cells. The promoter with a Pearson
correlation coefficient above 0.8 was selected as the potential target of the enhancer.
Gene ontology analysis. The DAVID web-tool was used to identify the Gene
Ontology (GO) terms using databases including Molecular Functions, Biological
Functions and Cellular Components*!.

Hierarchical clustering analysis. The hierarchical clustering was performed in
R by hclust() function with ATAC-seq RPKM values via Spearman correlation
coefficients.

Motif, enhancer mark and transcription factor-binding sequence analyses for
distal ATAC-seq peaks. To find the sequence motifs enriched in distal ATAC-
seq peaks, findMotifsGenome.pl from the HOMER program!! was used. Motifs
with known match in HOMER database were selected. The ChIP-seq data for
human ES cell H3K27ac and H3K4mel marks*? and the collection of transcription
factor-binding sites?® were downloaded from the UCSC genome browser. The
average RPKM values at the distal peaks and their nearby regions were calculated.
The number of transcription factor-binding sites was first binned for each 100-bp
window, and the average enrichment at the distal peaks and their nearby regions
was calculated.

Identification of oocyte PMDs. PMDs in oocytes were identified as described
previously®. In brief, published human?* and mouse** oocyte DNA methylation
datasets were downloaded. Average oocyte DNA methylation levels were calculated
for 10-kb bins of the genome. Bins with average DNA methylation levels of lower
than 0.5 were selected and merged into PMDs. Promoter regions (42.5kb) were
excluded from PMDs.

The ATAC-seq enrichment in PMD. ATAC-seq RPKM is Z-score normalized
on the genome-wide 100-bp bin with promoter regions removed. PMDs, as well
as their upstream and downstream regions, were divided into five bins separately,
and the mean RPKM was calculated for each bin and shown in the heat map. The
average ATAC-seq RPKM for all PMDs, as well as their upstream and downstream
regions, was computed and shown.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability. The data sets generated and analysed during the current study
are available in the Gene Expression Omnibus (GEO) with the accession number
GSE101571.
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Extended Data Fig. 2 | Validation of RNA-seq data in human early
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zygote, two-cell, four-cell, eight-cell and blastocyst stages. ICSI was used
to avoid the cumulus cell contamination. High-quality score embryos were
selected for subsequent study (represented by magnified images). b, Heat
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4, Expression of ICMs in this study is also shown for two

replicates. Epi, epiblast, PrE, primitive endoderm. ¢, Bar charts showing
the Spearman correlation between the two replicates of RNA-seq
samples. d, Hierarchical clustering of RNA-seq datasets from this study
(using Smart-seq) and previous studies?** (using a different mRNA-seq
method*®). Pearson correlation was used to measure distances. Different
colours represent various stages.
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Extended Data Fig. 4 | Relationship of chromatin accessibility and
transcription in human early embryos. a, Heat maps showing three
classes of promoter accessibility (high, dynamic and low) for stage-
specific genes (maternal genes excluded). CpG densities and H3K27me3
levels in human ES cells and fibroblasts (IMR90)*® are also shown. b, GO
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set enrichment with P < 1072). ¢, Box plots showing promoter enrichment
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based on a one-sided t-test are shown. d, Scatter plots showing promoter
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Extended Data Fig. 6 | Transcription and chromatin states before major
human ZGA. a, Box plot showing the expression levels of two-cell specific
(left) and eight-cell specific (right) genes in MII oocytes and embryos with
or without a-amanitin treatment. P values based on a one-sided ¢-test are
shown. b, The average ATAC-seq enrichment for each stage is shown at the
promoters of stage specific genes at the same stage identified by mRNA-
seq. Two-cell ATAC-seq enrichment for a random set of promoters were
similarly analysed as a control. ¢, Heat maps showing expression levels of
possible minor ZGA genes activated at the two-to-four-cell stage for their

expression in germinal vesicle oocytes, MII oocytes, and two-to-four-cell
embryos. Promoter ATAC-seq enrichment for two-to-four-cell stages
and CpG densities are also shown. d, UCSC browser view showing the
promoter ATAC-seq signals specifically appearing in two-cell embryos.
e, Left, heat maps showing ATAC-seq enrichment at the accessible
promoters present in both two- and eight-cell embryos, as well as those
specific to each stage. Right, the human oocyte, blastocyst, sperm and ES
cell DNA methylation levels around these promoters are also shown.
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Extended Data Fig. 9 | Accessible chromatin state in mouse oocytes
and pre-ZGA embryos. a, The expression of human KDM5B and mouse
Kdm5b in oocytes, early embryos and ES cells. b, UCSC browser view
showing DNA methylation levels (mC) in mouse sperm and oocyte, as
well as open chromatin (DNase-seq or ATAC-seq) and H3K4me3 and
H3K27me3 enrichment in mouse oocytes, zygotes and two-cell embryos.
Mouse ES cell H3K4me3 signals are also shown to mark the promoter

Paternal ncH3K4me3 and open chromatin

regions. ¢, Heat map showing the Spearman correlation between allelic
DNase-seq and H3K4me3 signals in zygotes. M, maternal; P, paternal.

d, UCSC browser view showing allelic DNase-seq, H3K4me3 and
H3K27me3 enrichment in the mouse zygote. The mouse ES cell H3K4me3
signal is also shown. Regions showing paternal open chromatin and
H3K4me3 in zygotes are shaded.
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Extended Data Fig. 10 | Accessible chromatin state in mouse TBEs. a, UCSC
browser view showing DNA methylation levels in mouse sperm and oocyte,
and ATAC-seq signals in normal mouse embryos as well as allelic ATAC-seq
and H3K4me3 enrichment in TBE samples. Mouse ES cell H3K4me3 signals
are also shown to mark the promoter regions. b, Hierarchical clustering

results showing the relationships of allelic accessible chromatin states between
zygotes, TBEs, and two- and eight-cell embryos in mouse. ¢, Heat map
showing open chromatin regions that are unique to zygotes (DNase-seq) or

45h control embryos (ATAC-seq). The ATAC-seq enrichment in TBE samples
is then matched and shown. d, Heat map showing the Spearman correlation

between allelic ATAC-seq and H3K4me3 signals in TBEs. e, Transcription
factor motifs identified from distal DNase-seq and allelic distal ATAC-seq
peaks are shown. Motifs shared by pre-ZGA and post-ZGA stages or are
specific for post-ZGA stages are noted. For transcription factors that have
multiple family members with similar motifs (KLF and GATA), the highest
expression and motif enrichment among all family members at each stage are
shown. A random set of peaks that match the lengths and number of zygote
maternal peaks was used as a control. It is worth noting that the RNA levels
of CTCF appear to decline in TBEs, presumably owing to RNA degradation
during extended transcription inhibition.
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» Experimental design

1. Sample size

Describe how sample size was determined. At least 30 cells are used for each sample. Our analysis (Extended Data Figure
1)show that miniATAC-seq using 30 cells can provide robust results.
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2. Data exclusions

Describe any data exclusions. No data were excluded
3. Replication
Describe whether the experimental findings were Our findings are well reproduced in replicates

reliably reproduced.
4. Randomization

Describe how samples/organisms/participants were All the gametes and embryos were collected from the volunteers who were
allocated into experimental groups. between 25 and 30 years old, with chromosome karyotype normal and no family
heredity case history, contagion case and smoke history.

5. Blinding
Describe whether the investigators were blinded to Blinding is not relevant to this study as most of our data do not involve control vs.
group allocation during data collection and/or analysis. treatment. For other experiments, variations were controlled through replicates.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

o

Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

|X| A statement indicating how many times each experiment was replicated

|X| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

|:| A description of any assumptions or corrections, such as an adjustment for multiple comparisons
|X| The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

XOOKX O 0O O [

|:| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.




» Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this Bowtie (version 2.2.2);Tophat (version 2.4.0) ; Cufflinks (version
study. 2.2.1) ;BSMAP(v2.74);HOMER; MACS14;Bedtools; Samtools;DAVID;GREAT;picard-

tools-1.84;R
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made

available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability

Indicate whether there are restrictions on availability of ~ No unique materials were used
unigue materials or if these materials are only available
for distribution by a for-profit company.
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Describe the antibodies used and how they were validated No antibodies were used
for use in the system under study (i.e. assay and species).

10. Eukaryotic cell lines
a. State the source of each eukaryotic cell line used. H1 hESC; H7 hESC

b. Describe the method of cell line authentication used.  H1 hESCs were obtained from WiCell Institute and authenticated by cytogenetic
test and genomic DNA sequencing; H7 hESCs were obtained from WiCell Institute
and authenticated by genomic DNA sequencing.

c. Report whether the cell lines were tested for PCR test were performed to confirm cell are negative for mycoplasma
mycoplasma contamination. contamination.

d. If any of the cell lines used are listed in the database No misidentified cell lines maintained were used

of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived 5 to 6 week-old C57BL/6N females (Vital River) and PWK/PhJ males (Jackson
materials used in the study. Laboratory) mice were used

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population All the gametes and embryos were collected from the volunteers who were
characteristics of the human research participants. between 25 and 30 years old, with chromosome karyotype normal and no family
heredity case history, contagion case and smoke history
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